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        Abstract— In this paper we deal with the non-Darcy effects 

on two-dimensional laminar simultaneous heat and mass 
transfer flow of a viscous, incompressible, electrically 
conducting and chemically reacting fluid through a porous 
medium confined in a vertical channel. The equations of 
continuity, linear momentum, energy and diffusion which 
govern the flow field are solved exactly. The behavior of the 
velocity, temperature and concentration, skin friction, 
Nusselt number and Sherwood number has been discussed 
for variations in the governing parameters.     

  
       Index Terms— Component Vertical Channel, Porous       
       Medium, Heat Source, Chemical Reaction, Perturbation    
       Method. 

 
I. INTRODUCTION 

Heat transfer in the case of homogeneous fluid-
saturated porous medium has been studied with relation to 
different applications like dynamics of hot underground 
springs, terrestrial heat flow through aquifers, hot fluid 
and ignition front displacements in reservoir engineering, 
heat exchange between soil and atmosphere, flow of 
moisture through porous industrial materials and heat 
exchange with fluidized beds.Mass transfer in isothermal 
conditions has been studied with applications to problems 
of mixing of fresh and salt water in aquifers, miscible 
displacements in oil reservoirs, spreading of solutes in 
fluidized beds and crystal washers, salt leaching in soils 
etc. Prevention of salt dissolution into lake waters near the 
sea shores has become a serious problem for research. 

Coupled heat and mass transfer phenomenon in 
porous media is gaining attention due to its interesting 
applications. The flow phenomenon is relatively complex 
rather than that of the pure thermal convection process. 
Underground spreading of chemical wastes and other 
pollutants, grain storage ,evaporation cooling and 
solidification are the few other application areas where 
the combined thermo-solutal natural convection in porous 
media are observed .Combined heat and mass transfer by 
free convection under boundary layer approximations has 

been studied by Bejan and Khair[3],Lai and Kulacki[13] 
and Murthy and Singh[15].Coupled heat and mass 
transfer by mixed convection in Darcian fluid-saturated 
porous media has been analyzed by Lai[12].The free 
convection heat and mass transfer in a porous enclosure 
has been studied recently by Angirasa et al[2].The 
combined effects of thermal and mass diffusion in 
channel flows has been studied in recent times by  a  few 
authors,  notably  Nelson and Wood  [18,19]. 

Lee et al [14] and others [4,5,23,25,26,27,29].In 
almost all these works the boundary layer formulation of 
Darcy’s law, the energy and diffusion equations were 
used. Non-Darcy effects on natural convection in porous 
media have received a great deal of attention in recent 
years because of the experiments conducted with several 
combinations of solids and fluids covering wide range of 
governing parameters which indicates that the 
experimental data for systems other than glass water at 
low Rayleigh numbers do not agree with theoretical 
predictions based on the Darcy flow model. This 
divergence in the heat transfer results has been reviewed 
in detail in the works of Cheng [6] and Prasad et al[21] 
among others. 

For some industrial applications such as glass 
production and furnace design in space technology 
applications, cosmic flight aerodynamics, rocket 
propulsion systems, plasma physics which operate at 
higher temperatures, radiation effects can be significant. 
Soundalgekar and Takhar[24] considered the radiative 
free convection flow of an optically thin grey-gas past a 
semi-infinite vertical plate. Radiation effects on mixed 
convection along an isothermal vertical plate were studied 
by Hussain and Takhar[11]. Raptis and Perdikis[22] have 
studied the effects of thermal radiation and free 
convection flow past a moving vertical plate.Chamkha et 
al[6] analysed the effects of radiation on free convection 
flow past a semi-infinite vertical plate with mass transfer. 
Muthukumaraswamy and Ganesan[16] have studied the 
radiation effects on flow past an impulsively started 
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infinite vertical plate with variable temperature. Prakash 
and Ogulu[20] have investigated an unsteady two-
dimensional flow of a radiating and chemically reacting 
fluid with time. 

The study of heat generation or absorption effects in 
moving fluids is important in view of several physical 
problems, such as fluids undergoing exothermic or 
endothermic chemical reactions. Vajravelu and 
Hadjinicolaou [28] studied the heat transfer characteristics 
in the laminar boundary layer of a viscous fluid over a 
stretching sheet with viscous dissipation or frictional 
heating and internal heat generation. Hossain et. al. [10] 
studied the problem of natural convection flow along a 
vertical wavy surface with uniform surface temperature in 
the presence of heat generation / absorption. Alam et al. 
[1] studied the problem of free convection heat and mass 
transfer flow past an inclined semi-infinite heated surface 
of an electrically conducting and steady viscous 
incompressible fluid in the presence of a magnetic field 
and heat generation. Chamkha [6] investigated unsteady 
convective heat and mass transfer past a semi-infinite 
porous moving plate with heat absorption. Hady et al. [9] 
studied the problem of free convection flow along a 
vertical wavy surface embedded in electrically conducting 
fluid saturated porous media in the presence of internal 
heat generation or absorption effect. 

In many chemical engineering processes ,there does 
occur the chemical reaction between a foreign mass and 
the fluid in which the plate is moving. These processes 
take place in numerous industrial applications viz, 
polymer production, manufacturing of ceramics or 
glassware and food processing .Das et  al[7] have studied 
the effects of mass transfer on flow past an impulsively 
started infinite vertical plate with constant heat flux and 
chemical reaction. Muthukumara swamy[17] has studied 
the effects of reaction on a moving isothermal vertical 
long surface with suction. Recently Gnaneswar[8] has 
studied radiation and mass transfer on an unsteady two-
dimensional laminar convective boundary layer flow of a 
viscous incompressible chemically reacting fluid along a 
semi-infinite vertical plate with suction by taking into 
account the effects of viscous dissipation. 

In this chapter we deal with the non-Darcy effects on 
two-dimensional laminar simultaneous heat and mass 
transfer flow of a viscous, incompressible, electrically 
conducting and chemically reacting fluid through a 
porous medium confined in a vertical channel. The 
equations of continuity, linear momentum, energy and 
diffusion which govern the flow field are solved exactly. 
The behavior of the velocity, temperature and 
concentration, skin friction, Nusselt number and 
Sherwood number has been discussed for variations in the 
governing parameters.      

 
 

II.  Mathematical Formulation of the Problem 

 
We consider a coupled heat and mass transfer flow of 

a viscous electrically conducting fluid through a porous 
medium confined in a vertical channel bounded by porous 
flat walls in the presence of heat generating sources, 
transverse magnetic field effects and a first order 
chemical reaction. The flow is assumed to be steady, 
laminar and two-dimensional and the surface is 
maintained at constant temperature and concentration, As 
the plates are sufficiently long, the flow variables does not 
depend on the vertical and axial co-ordinates. It is also 
assumed that the applied magnetic field is uniform and 
that the magnetic Reynolds number is small so that the 
induced magnetic field is neglected. In addition, there is 
no applied electric field and all of the Hall Effect, viscous 
dissipation and Joule heating are neglected. All thermo 
physical properties are constant except the density in the 
buoyancy terms of the linear momentum equation which 
is approximated according to the Boussinesq 
approximation, under these assumptions, the equations 
describing the physical situation are given by 
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where y is the horizontal or transverse coordinate, u is the 
axial velocity, v is the transverse velocity, T is the fluid 
temperature, C is the species concentration ,Te the ambient 
temperature, Ce is the ambient concentration and 

DQBg ,,,,,,,, 0σµββρ •
 and γ are the density, 

gravitational acceleration, coefficient of thermal expansion, 
coefficient of concentration expansion, dynamic viscosity, 
fluid electrical conductivity, magnetic induction, heat 
generation/absorption coefficient, mass diffusion coefficient 
and chemical reaction parameter respectively. The physical 
boundary conditions for the problem are 
 
 − = − = − = − =

1 1
( ) 0, ( ) , ( ) , ( )

w
u L v L v T L T C L C             (2.5) 

  + = + = + = + =
2 2

( ) 0, ( ) , ( ) , ( )
w

u L v L v T L T C L C  

 
Where vw>0, T1,T2 and C1,C2 are the suction velocity, surface 
temperatures and concentrations on Ly ±=  respectively. 

Invoking Rosseland approximation for radioactive heat flux     
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Expanding 4T ′ in Taylor series about Te and neglecting 
higher order terms, we get 
                   ′ ≅ −4 3 44 3

e e
T T T T  

rq Represents the radiation heat flux in the y direction, •σ  

the Stefan –Boltzman constant and Rβ the mean absorption 

coefficient.In order to write the governing equations and 
boundary conditions in the dimensionless form, the following 
non-dimensional quantities are introduced 
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The equations after dropping the dashes are  
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µ
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 (Heat source parameter), −Α = 1/2F D (Inertia 

parameter or Forchhimer Number). 
The non-dimensional boundary conditions are        
 

          
θ
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III.  SOLUTION OF THE PROBLEM 

The governing equations of the flow, temperature and 
concentration are coupled non-linear differential 
equations. Assuming the porosity δ to be small, we write 

 
         δ δ= + + +2
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Substituting the above expansions (3.1)-(3.3) in the equations 
(2.6)-(2.8) and equating the like powers of δ, we obtain 
equations to the zero th order as 
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    The first order equations are  
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     The second order equations are 
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     The corresponding boundary conditions are  
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Solving the equations (3.4)-(3.12) subject to the boundary 
conditions (3.1)-(3.3) we obtain 
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IV.  Stress, Nusselt Number and Sherwood Number 
 

The shear stress on the boundaries 1±=y  are given 

by  τ µ•
= ±= ( )

y L

du

dy
 

             which in the non-dimensional form reduces to 
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and the corresponding expressions are  
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The rate of heat transfer (Nusselt Number) on the boundaries 
1±=y  are given by 
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The rate of mass transfer (Sherwood Number) on the 
boundaries 1±=y  are given by  
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V.   Discussion of the Numerical Results 

 
The aim of this analysis is to investigate the 

convective heat and mass transfer through a porous medium in 
a chemically reacting fluid in a vertical channel in the 
presence of heat sources. We consider three different cases      
k > 0, k = 0 and k < 0, where k is the chemical reaction 
parameter. k > 0 represents destructive chemical reaction,       
k = 0 represents no chemical reaction and k < 0 is for 
generative chemical reaction. 
 The velocity u is represented in figs.1-7 for different 
values of the governing parameters G, D-1, Sc, S, M, N, N1, α 
and k. u > 0 is the actual flow and u < 0 is the reversal flow. It 
is found that the velocity profiles rises from its value zero on 
the boundary y = -1 to attain the prescribed value 1 on y = 
1.The axial velocity enhances with increase in G and reduces 
with increase in  the strength of the heat generating 
source(fig.1).Fig.2 represents the variation of u with reference 
to D-1 and M. It is found that lesser the permeability of porous 
medium or higher the Lorentz force smaller u in the flow field. 
From fig.3 we notice that  when the molecular buoyancy force 

dominates over the thermal buoyancy force the axial velocity 
u experiences an enhancement in the flow region when the 
buoyancy forces act in the same direction and for the forces 
acting in different directions we notice a depreciation in u in 
the entire flow region. Also an increase in the radiation 
parameter N1 leads to an enhancement in u in the flow region 
except in the vicinity of y=1.   The variation of u with Schmidt 
number Sc reveals that smaller the molecular diffusivity lesser 
the axial velocity in the flow field (fig.5).Figs.6&7 represents 
the behavior of u with reference to the suction parameter S and 
the chemical reaction parameter k.We notice that u enhances 
with increase in S.It is found that the velocity decreases during 
the generative reaction and enhances in the destructive 
reaction. 
 The non-dimensional temperature ( θ ) is shown in 
figs.8-12.The temperature is found to be positive for all 
variations. The non-dimensional temperature depreciates with 
α(fig.8).An increase in the molecular diffusivity leads to a 
depreciation in θ in the entire flow field (fig.9).The behavior 
of θ with the suction parameter S indicates that the 
temperature enhances with increase in S(fig.10).The variation 
of θ with the chemical reaction parameter k (fig.11) shows 
that θ decreases in the generative reaction and enhances in the 
destructive reaction. The behavior of θ with the radiation 
parameter N1 is depicted in fig.12.The temperature 
experiences a remarkable depreciation when the radiation 
parameter enhances and for higher values of N1there is a 
marginal decrease in θ in the entire flow region.    
 The concentration distribution (C) is exhibited in 
figs.13-15.It is found that the concentration is positive in the 
entire flow region for all variations.Fig.13 exhibits the 
variation of C with Sc. We find that lesser the molecular 
diffusivity smaller the concentration in the flow field, The 
effect of suction parameter S is shown in fig.14.We notice that 
higher the suction at the boundaries larger the concentration in 
the flow region. From fig.15 we observe that there is a fall in 
the concentration for destructive chemical reaction and an 
enhancement in C for generative chemical reaction. 
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Fig.1 Variation u with G & α 
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Fig.2 Variation of u with D-1& M 

 

 

Fig.3 Variation u with N 

 

Fig.4 Variation u with N1 

 

 
 
 
 

                   Fig.5 Variation u with Sc 
 

 
 
                     Fig.6 Variation u with S 
 

 
 
                      Fig.7 Variation u with k 
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                     Fig.8 Variation θ  with α 
 

 
 
                     Fig.9   Variation θ with Sc 
 

 
 
                      Fig.10 Variation  θ with S 
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0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1

-1 -0.5 0 0.5 1
y

θ

 
 
                      Fig.12 Variation  θ with N1 

 

0

0.2

0.4

0.6

0.8

1

-1 -0.5 0 0.5 1
y

c

 
 
                       Fig.13 Variation C with Sc 
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                        Fig.14 Variation C with S 
 

 
 
                     Fig.15 Variation C with k 
 
 

Table-1 
Nusselt Number Nu1 at y = 1 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

The average Nusselt number (Nu) which represents 
the rate of heat transfer at y = ±1 is shown in tables.1,2 for 
different values of G,D-1 , N and α. The variation of Nu with 
D-1shows that lesser the permeability of the porous medium 
larger the magnitude of Nu at y+1 and at y = -1 smaller Nu 
and for further lowering of the permeability larger Nuat 
both the walls. The variation of Nu with α shows that the rate 
of heat transfer depreciates with α < 4 and enhance with 
higher α ≥ 6 at both the walls. Lesser the molecular diffusivity 
larger Nuat y = +1, smaller Nu at y = -1 for G > 0and for  
G < 0smaller Nu at y = +1 and larger Nu at y = -1. 

The Sherwood Number (Sh) which measures the rate 
of mass transfer at y = ±1 is shown in tables.3,4 for different 
variations. The variation of Sh with D-1shows that lesser the 
permeability of the porous medium smaller the rate of mass 
transfer at y = 1 and larger at y = -1.The variation of Sh with 
Sc shows that lesser the molecular diffusivity larger Sh at y 
= ±1 in the heating case while in the cooling case it enhances 
at y = 1 and reduces at y = -1.The rate of mass transfer reduces  
at y = +1 and enhances at y = -1 when the buoyancy forces act 
in the same direction and for the forces acting in opposite 
directions Shenhances at y = 1 and depreciates at y = -1. 

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

G I II III IV V VI VII VIII IX 
103 -3.9534 -4.341 -4.9488 0.98614 3.1053 -3.9534 -3.8856 -4.0793 -4.1058 

3x103 -3.9625 -4.344 -4.9508 0.33058 2.9179 -3.9625 -3.8935 -4.0906 -4.1176 
103 -3.9908 -4.3534 -4.9567 3.9822 3.5135 -3.9908 -3.9184 -4.1266 -4.1545 

3x103 -3.9812 -4.3502 -4.9547 8.8482 3.7362 -3.9812 -3.91002 -4.114 -4.1419 

D-1 102 2x102 3x102 102 102 102 102 102 102 

α 2 2 2 4 6 2 2 2 2 
N 1 1 1 1 1 1 2 -0.5 -0.8 
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Table-2 
                                                                 Nusselt Number Nu2 at y = -1 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
 

Table-3 
Sherwood number (Sh) at y = 1 

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Table-4 

Sherwood number (Sh) at y = -1 
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